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Abstract 



An analysis of incoherent photoproduction of r] mesons off the deuteron for 
photon energies from threshold to 800 MeV is presented. The dominant con- 
tribution, the 7N-T/N amplitude, is described within an isobar model. Effects 
of the final state interactions in the A^A^ as well as the rjN systems are in- 
cluded employing models derived within the meson-exchange approach. It is 
found that their consideration is important. Specifically, due to an interfer- 
ence effect the influence of the rjN final state interaction is enhanced in the 
reaction 'jd — > npr] close to threshold. 
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I. INTRODUCTION 



Already for a long time the determination of the low energy properties of the rjN in- 
teraction has been a challenging subject in meson-nucleon physics. In fact, the actual size 
of the rjN scattering length is still an open question and there is substantial disagreement 
between different theoretical predictions. 

The knowledge about the low energy behavior of the r]N interaction is extracted either 
from the analysis of resonance models of the reactions nN^rjN and ^N^r}N flj-Q or from 
coupled channel K-matrix or T-matrix [p|-[l2[| approaches, which in addition include 
the available information on -kN scattering. The current predictions of the imaginary part of 
the TjN scattering length vary between 0.16 and 0.37 fm, while the variation of the real part 
ranges from 0.25 to 1.05 fm. Calculations based on an effective Lagrangians approach [|T^-|T^ 
tend to provide scattering lengths on the lower end of the range given above whereas a result 
from a chiral heavy baryon expansion [|T^] lies roughly in the middle of this range. 

In principle, the rjN interaction could be deduced |]18| from T^-meson production in nuclear 
reactions like 7-nucleus, vr-nucleus, p-nucleus, or heavy ion collisions. However, in those cases 
the extracted rjN parameters should be considered as being relevant only for in-medium rj- 
meson scattering and might not represent the vacuum parameters [0. Thus, the study of 
77-meson production in few-body systems is certainly more promising with regard to that, 
specifically because for such reactions a wealth of rather accurate data has become available 
over the last few years. E.g., the rjN scattering length might be inferred from experiments 
on pd^^Yierj [p0| -|22| or np^drj p3|j2^ by applying models which relate the measured ^He 77 
and dr] scattering length with the one for rjN. In this context it should be noted that both, 
the pd^^He rj and pn^drj measurements, indicate a sizable final state interaction (FSI) due 
to the 77-meson, and thus may be sensitive to the model employed. 

Of course it should be expected that also the reactions pp^pprj p5|-p8| and '-/d^npr) 



data show sensitivity to the rjN FSI for energies near the production threshold. However, 
it is still an open question whether the analysis of these reactions will allow to pin down the 
rjN scattering length in a model independent way. Therefore it is important to investigate 
a larger class of 77-production reactions and see to what extent predicted values for the ryN 
scattering length are compatible with each other. 

Here we investigate the effect of the r/N FSI in incoherent photoproduction of 77-mesons 
from the deuteron near threshold. We extend a previous study ||3^, where the 'yd—>-npr] total 
and differential cross sections were calculated by considering the impulse approximation as 
well as the neutron-proton {np) FSI. In that work it had turned out that the np FSI can 
account for a large part of the experimentally observed enhancement of the production 
cross section near the threshold. However, some discrepancies to the data still remain, 
specifically at very small excess energies. This discrepancy could be a signal of the riN FSI 
and therefore we want to address this question in the present paper. In our previous study 
we also established that the effect of the np FSI does not depend on the specific model 
for the nuclear force, since the contributions of intermediate states with large momenta are 
suppressed through the integration over the deuteron wave function. This feature, specific 
to the photoproduction reaction on the deuteron, is definitely of advantage if one wants to 
study the sensitivity of the cross section near threshold to the r]N interaction. 



For the ijN FSI we utilize a microscopic model developed by the Jiilich group ||31| , |32 
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which is a coupled channels model for nN scattering that includes the rjN channel and 
quantitatively describes the nN phase shifts and inelasticity parameters in both isospin 
channels for partial waves up to J = | and pion-nucleon center-of-mass (cm.) energies up 
to 1.9 GeV Specifically, it provides a realistic description of the quantities relevant for 
the present investigation, namely the Su nN phase shift and the vrA^ — > r]N transition cross 
section. In Section |I| we give a short introduction to this model, discuss its predictions for the 
rjN interaction and estimate relevant uncertainties of the model. In Section |T| we describe 
the details of our treatment of the np and r]N FSI in the reaction '^d^npr]. Furthermore, 
we present our results and analyze the influence of the rjN FSI in detail. Finally, in Section 
[rV| , we provide a short summary. 



II. TjN INTERACTION 

The basic information about the low energy behavior of any interaction is given by the 
scattering length. Since the enhancement of the 77 photoproduction cross section is only 
seen for very low r] momenta, one may assume that this enhancement is caused primarily 
by the low energy behavior of the r]N interaction, and thus by the physics contained in the 
rjN scattering length a^^v- However, as already discussed in the Introduction, this quantity 
is not too well determined. A list of currently available values for a^Tv is given in Table | 
together with the method and reactions involved in the extraction of those values. This 
compilation^ clearly indicates that the present status of knowledge about the r]N scattering 
length is far from being satisfactory. 

In our investigation of the influence of the rjN FSI in the r] photoproduction reaction 
we employ a meson-exchange model developed for nN scattering |31|j3^ , which includes 
the irN- and ?]A^-channels, and in addition reaction channels which can decay into two 
pions and a nucleon, namely aN, pN and ttA. Here a and p are notations for the correlated 
exchange of two pions in the scalar-isoscalar and vector-isovector channels, respectively. The 
model describes the vrA^ phase shifts and inelasticities up to 1.9 GeV quantitatively, and also 
reproduces available data for n'p^rjn differential cross sections. Thus, it is very well suited 
for the investigation we want to carry out. In particular the model has the advantage that it 
allows us to calculate the r}N reaction amplitude for any on- as well as off-shell momenta, as 
it is required for evaluation of the r}N FSI effects, without making additional assumptions. 

In Fig. |l| the Feynman diagrams that define the quasi-potential for the TiN-rjN and the 
rjN-rjN transitions are shown. These diagrams are the relevant ones for the calculation of 
the rjN t-matrix, which is derived within time-ordered perturbation theory in order to have 
a well-defined off-shell behavior. Further details of the model can be found in Ref. I^Sj. The 
vrA^-channel is coupled with the ?7A^-channel by the s-channel exchanges of the A^*(1520), 
A^*(1535), and A^*(1650) baryonic resonances. The exchange of a nucleon in the w-channel 



^We note that in status review of rjN scattering length the results of Ref. Q were misinter- 
preted as being extracted from pd^'^Herj data. The rjN scattering length P,|36| actually comes 
from analysis of the Tr~p^nrj data. 
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is also taken into account. In addition, we allow for the exchange of an effective oo-meson 
in the t-channel, representing correlated nrj exchange |^ . 

p^ , the optimal fit to the vrA^ phase shifts and inelasticities overesti- 
^r]n cross section by roughly 15%. In order to reproduce the n~p^r]n 



Within this model 
mates the total 7v~p- 

cross section, we have weakened the coupling of the effective ao-meson at the Trr/ao vertex. 
This leads to an underestimation of the tcN inelasticities in the Su partial wave in the vicin- 
ity of the A^*(1535) resonance. In Ref. |]3^, this problem is handled by the introduction of 
an effective irnN reaction channel, which has quantum numbers that cannot be interpreted 
by resonant two-pion states, however. One may take the results of Ref. p3 as a hint that 
the approximate treatment of the three-body dynamics of the irnN channel by resonances 
is not adequate. In the context of this work here, we do not try to resolve this problem, 
but will consider the above mentioned change in the coupling of the ao-meson as theoretical 
uncertainty of our model and discuss its consequences on the size of the low energy 'qN 
parameters and the i] photoproduction cross section. 

The real and imaginary parts of the scattering amplitude in the r]N partial wave ampli- 
tude 5*11 are shown in Fig. |^ as function of the 77-meson momentum q given in the 7]N cm. 
system. The symbols represent the scattering amplitude obtained from the full calculation, 
while the solid line indicates the effective range expansion of the scattering amplitude with 
the scattering length a^^v and effective range r^^v given by 



a^N = 0.42 + iO.34 fm 
r^N = -2.0 + 20.8 fm. 



(1) 



Here the low energy parameters are related to the on-shell riN scattering amplitude f{q) by 

.2 n-l 



1 _^ rrjNq" 



iq 



(2) 



and ariN= linig^o /(o')- The relation between the rjN scattering amplitude and tj^Ar-matrix is 
given in our normalization as 



/(?) 



-TT 



\Jq^ + m%^q'^ + m 



q^ + mj^ + Jq 



trjNiq^q), 



(3) 



where ttin- and are the nucleon and 77-meson masses, respectively. In order to show the 
dependence of the r]N scattering amplitude on the low energy parameters, the dashed line 
in Fig. § gives the effective range expansion of / with the parameters of Ref. f^, namely 



arjN = 0.75 + zO.27 fm 
r^AT = -1.5 - iO.24 fm. 



(4) 



It is very clear that the two different scattering amplitudes exhibit a substantial difference 
both in absolute value and in the momentum dependence of the 'qN scattering amplitude. 

Table |I| indicates that the rjN interaction is frequently described in a resonance model 
approach. In order to demonstrate the strong interplay between resonant and non-resonant 
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contributions in the case of the Jiihch model we isolate the resonant piece and compare 
its amplitude to the one given by the full model. The solid symbols in Fig. ^ indicate the 
real (dots) and imaginary (squares) part of the rjN Sn partial wave scattering amplitude 
calculated with the A^*(1535) resonance alone. The solid lines represent the total rjN scat- 
tering amplitude given by the effective range expansion with the parameters of Eq. (|1|) and 
correspond to the solid lines in Fig. ^. This comparison clearly shows that the non-resonant 
contribution is quite large at small momenta g<300 MeV/c, and thus the interplay between 
resonant and non-resonant contributions is very important for the scattering length. 



III. THE REACTION -fD^NP-q. 

The lowest order contributions for the reaction '-/d-^npr] are depicted in Fig. ^. In 
our previous study of this reaction we considered the production of rj mesons via the 
dominant 5*11 (1535) resonance (impulse approximation), shown in Fig. and the np FSI 
as indicated in Fig. ^d. The explicit details of the model for the direct production are given 



in Ref. and will only be briefly summarized here. Using the impulse approximation 
(lA) the amplitude J^ia of the reaction jd^npr] for given spin S and isospin T of the final 
nucleons can be written as 

MiA=A^{sMP2)-i-l)'^^A^{s2mp,). (5) 

Here (p{pi) stands for the deuteron wave function, pi {i = 1,2) is the momentum of the 
proton or neutron in the deuteron rest frame, and denotes the isoscalar or isovector 
r;- meson photoproduction amplitude at the squared invariant collision energy sn given by 

sn = s - m% - 2{E^ + rudjEN + 2k^ ■ pi. (6) 

The photon momentum is given by ky. Details of the photoproduction amplitude are 
described in Ref. |^ . 



The result for the total cross section for the reaction ^d^nprj based on the impulse 
approximation is shown as dotted line in Fig. ^ in comparison to experiment ||2^. The 



cross section is shown as a function of the photon beam energy (lower axis) as well as a 
function of the excess energy (upper axis). Here the excess energy is defined as 

e = — nip — nin — m^, (7) 

with the invariant mass s='m^+2mciEy. The particle masses adopted in our calculations are 
mrf=1875.61339 MeV, mp=938.27231 MeV, m„=939.56563 MeV and m^=547.3 MeV. We 
explicitly indicate the masses with the available accuracy, since the excess energy depends on 
those values, and thus the accuracy is important for the analysis of the data especially very 
close to the reaction threshold. The comparison with experiment shows that the impulse 
approximation reproduces the data well for excess energies e>50 MeV, however there is a 
clear underprediction of the data for energies closer to threshold. 

In the next order of the scattering expansion, the FSI in the nucleon-nucleon (NN) 
system and the 77-nucleon system need to be considered. The effect of the FSI in the NN 
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channel is expected to be the stronger one, and was aheady studied previously but for 



completeness we repeat the essential ingredients here. The amplitude describing the NN 
FSI can be written as 

■MnN = tNN Qnn ■ (8) 

Here t^]\f denotes the half-shell np scattering matrix and gjy^ the two nucleon propagator. 
Explicitly, the amplitude for the diagram shown by Fig. |^ is given by 

Mnn = mN dkk — — , (9) 

with q being the nucleon momentum in the final np system and 

p-=^+^^. (10) 

Here p^j represents the r;- meson momentum and p'n=\pn \ ■ The half-shell np scattering matrix 
in the ^5*0 and partial waves tN^ig^k) is obtained at corresponding off-shell momenta 
k from the CD-Bonn potential BH], which describes the A^A^ data base with a x^/datum 



of about 1. However, as already pointed out in Ref. all modern, high precision NN 
interaction would give the same result, since due to the integration over the deuteron wave 
function in Eq. (|[) possible off-shell differences in the NN potentials are strongly suppressed. 
The amplitude with the rj-N FSI is graphically represented in Fig. |^c and given as 

MriN = triN 9vN A'^ , (H) 

where t^Tv is the half-shell rjN scattering matrix. The r]N propagator is indicated by g^^N. 
Explicitly, the amplitude is written as 

mjv + m.^ J — k^ + ie 

The ?7-meson momenta in the final and intermediate state of the r]N system are given by q 
and k, (j) stands for the deuteron s-wave, and t,^N{q, k) is the half-shell rjN scattering matrix 
in the Su partial wave, and 

p'^ = k+^^^^i&^, (13) 
miy + rriri 

where is the momentum of the outgoing proton or neutron in the deuteron rest frame. 

The total cross section '-yd —>■ npr] including the np and rjN FSI in s-waves is displayed 
in Fig. ^. The dashed line shows the result for the impulse approximation plus np FSI. As 
pointed out in Ref. BO], the consideration of the np FSI alone provides already an almost 



satisfactory description of the experimental cross section for small excess energies. The 
additional consideration of the rjN FSI as given by the meson-baryon model described in 
Section II leads to the solid line in Fig. ^. As expected, the rjN FSI enhances the cross 
section very close to the reaction threshold. However, for excess energies in the range of 
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10 > e > 40 MeV the presently available experimental values are slightly overpredicted. We 
also observe that for excess energies larger than 40 MeV there is no effect of the rjN FSI 
anymore. The same is true for the np FSI. 

It is illuminating to look at the difference in the relative strength of the two different final 
state interactions and their possible interference in our full calculation of the r] photopro- 
duction cross section. For a more detailed insight, we plot in Fig. ^ the ratio of calculations 
with the final state interactions included separately to the calculation based on the impulse 
approximation alone. The dotted line in Fig. ^ represents the calculation including only the 
rjN FSI, the dashed line only the A^A^ FSI. From this, it is clear that the A^A^ FSI is the 
dominant one. The ratio of the full calculation containing both, the 'qN and A^A^ FSI, to 
the impulse approximation is given by the solid line. A comparison to the two other curves 
shows that the two final state interactions interfere constructively at small excess energies, 
which magnifies the effect of the relatively weak rjN FSI. 

In order to study the effects of the rjN interaction close to the reaction threshold in more 
detail, we divide the experimental points by our calculation containing the lA and the np 
FSI, i.e. the result of the dashed line in Fig. |^. Now the enhancement in the cross section 
for the reaction jd — > npr] close to the threshold becomes visible by a deviation from one 
for excess energies e < 30 MeV, cf. Fig. |^. This enhancement, which is present in the 
data, is seen in the full calculation containing the rjN FSI as well. The solid line of Fig. |^ 
corresponds to the lower bound of the shaded band in Fig. |^. The rjN interaction discussed 
in Section II leads to a scattering length ar,N = 0.42 + i0.34 fm (cf. Eq. (||)). Since this model 
leads to a slight overprediction of the 7i~p rjn cross section we have produced a variant 
model that also fits the data (cf. the discussion in Section II). In the latter model the rjN 
interaction is somewhat more attractive, leading to a scattering length of a^7v=0. 54+^0. 18. 
The corresponding total cross section for the reaction jd nprj is given in Fig. ^ by the 
upper bound of the shaded area. Consequently, the shaded area in Fig. |^ can be seen as 
a reflection of the theoretical uncertainty in the rjN interaction arising within the Jiilich 
meson-baryon model. 

Indeed, it is interesting to explore more thoroughly how strongly our calculation of the rjN 
FSI depends on the specific properties of the rjN interaction. In order to study whether there 
is sensitivity to the off-shell behavior we carried out calculations where the rjN amplitude is 
replaced by its effective range expansion of Eq. (|^), i.e. basically by the on-shell rjN t-matrix. 
(Note that the quality of the effective range expansion as compared to the full rjN t-matrix 
is shown in Fig. 0.) Surprisingly, we obtained identical results for the rj photoproduction 
cross section when using either the rjN t-matrix from the effective range expansion or the 
one from the full model. This can be explained through the relatively good representation 
of the rjN scattering amplitude by the effective range expansion for quite a large momentum 
range as is illustrated in Figs. § as well as a very weak fc-dependence of the half-shell rjN 
t-matrix, tr^]\f{q, k). As an aside, we want to emphasize that an argument along the same line 
with respect to the np FSI and its effective range expansion is not valid, since the energy 
dependence as well as the dependence on the off-shell momentum of the A^A^ t-matrix is 
much stronger. 

The next logical step is to see whether even more quantitative information about the 
strength of the rjN interaction at low energies can be extracted. Since we found that the rjN 
amplitude obtained with the effective range expansion of Eq. (^ is numerically identical to 
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the full calculation of the amplitude, Eq. (0), we can explore the effect of different values 
for the rjN low energy parameters on the cross section of the reaction 70? — >■ npr] close to 
threshold. Our studies could establish that the calculations of the r^-photoproduction cross 
section are not sensitive to the effective range parameter r^^v of Eq. (j^), leaving the only 
sensitivity to the scattering length arjN- In Fig. |^we display two calculations with scattering 
lengths a^Ar=0.25+z0.16 fm (dashed line) and a,,Ar=0.74+i0.27 fm (dash-dotted line). 
The figure suggests that the presently available data for the total cross section for e<40 MeV 
show a preference for a smaller value of the riN scattering length. Obviously more precise 
data are highly desirable to confirm these indications. Since the calculations with different 
values for a.^Ar involve differences in the real as well as imaginary part of the scattering 
length, we investigated which of the two is mainly responsible for the effects shown in Fig. |^ 
and found that the major contribution to the size of the 'qN FSI in this reaction stems from 
the interference of the real part of ttrjN with the A^A^ FSI. 

IV. SUMMARY 

We calculated the reaction — nprj including the dominant contribution by the 
S'ii(1535) resonance and the final state interactions between all outgoing particles. Those 
final state interactions influence the cross section for inclusive photoproduction of r] mesons 
only for excess energies of the ?7-meson smaller than 40 MeV. At higher energies the cross 
section is solely given by the impulse approximation. 

The FSI between the outgoing nucleons is essential to bring the calculated cross section 
into the vicinity of the experimental values. Due to an interference effect the r]N final state 
interaction provides an additional enhancement of the production cross section at energies 
close to threshold as required by the data. We found that the effect of the FSI resulting 
from the r]N interaction can be well incorporated into the model calculation by resorting to 
an effective range expansion fitted to the scattering amplitude of the rjN model. Guided by 
this finding, we considered r]N final state interactions given by effective range expansions 
with different values for the scattering length and conclude that the presently available cross 
section measurement for the reaction 'yd nprj favor moderate values of the real part of 
the scattering length a^Tv- 
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TABLES 



TABLE L Compilation of different values for the rjN scattering length UriN as evaluated by 
resonance models (RM), T- or K-matrix approaches or chiral effective Lagrangians (xEL). The 
reference in the table shows only the first author together with the year of publication. The 
channels included in the analyses are also listed. 



ariN (fm) 


Reference 


Year 


Model 


Channels 


0.27 + iO.22 


Bhalerao Q 


1985 


RM 


ttN^ttN, r]N, vr A 


0.25 +i0.16 


Bennhold § 


1991 


RM 


vrA^^vriV, r]N, 












-^ttttN; jN^rjN 


0.98 + iO.37 


Arima Q 


1992 


T 


ttN^ttN, r]N 


0.55 +i0.30 


Wilkin 


§ 


1993 


FSI 


7rN^r]N 


0.51 +i021 


Sauermann |^ 


1995 


K 


ttN^ttN, r]N 


0.68 + iO.24 


Kaiser 




1995 


XEL 


ttN^ttN, rjN, 


0.888+10.279 


Batinic 





1995 


T 


ttN^ttN, rjN 


0.476 +10.279 


Fiildt 1 


I 


1995 


RM 


TrN^rjN 
'yN^r]N 


0.621+10.306 


Abaev 


11] 


1996 


T 





0.51 +1021 

0.20 + 10.26 
0.74 + 10.27 

0.717+10.263 
0.87 + 10.27 

1.05+10.27 

0.32 + 10.25 
0.772+10.217 
0.54+10.49 
0.42+10.34 



Deutsch-Sauermann 

Kaiser [||] 
Green M 



Batinic 
Green [j 

Green [1 



Caro Ramon [15| 



Nieves |16| 
Krippa 
present work (Krehl 



1997 


K 


vriV- 


>7riV, r]N 






7iV- 


>7rN, rjN 


1997 


XEL 


vrA^- 


►vriV, r/iV, 


1997 


K 


vriV- 


>7riV, r]N 






7iV- 


>7rN, rjN 


1998 


T 


vriV- 


^ttN, rjN 


1999 


K 


vriV- 


>ttN, r]N 






7iV- 


>7rN, rjN 


1999 


K 


vriV- 


>ttN, rjN 






7iV- 


>7rN, rjN 


2000 


XEL 


irN- 


>ttN, riN, 


2001 


XEL 


ttN ttN, r]N, KA, KY. 
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FIGURES 



FIG. 1. The Feynman diagrams of the meson-baryon model that constitute the Born terms for 
the transitions in the irN-rjN and the rjN-r]N channels. 



FIG. 2. The real and imaginary parts of the rjN scattering amplitude / in the Su partial wave 
as function of the cm. momentum q. The symbols show the results of the Jiilich meson-baryon 
model |32|. The circles stand for the real part, while the squares indicate the imaginary part. The 
solid lines show the effective range expansion using the parameters of Eq. The dashed lines 
indicate the effective range expansion with parameters of Eq. ^ from Ref. |^ . 



FIG. 3. The real and imaginary parts of the rjN scattering amplitude / in the Su partial wave 
as function of the cm. momentum q showing the the contribution from the A^*(1535) resonance of 
the Jiilich meson-baryon model |32|. The circles stand for the real part of /, while the squares show 
the imaginary part. As a guide to the eye, the solid lines indicate the effective range expansion 
given by the full model, as is shown by the Fig. 1. 



FIG. 4. The diagrams for the reaction ^d^npr]: (a) impulse approximation (lA), (b) lA with 
NN final state interaction represented by the NN t-matrix, and (c) lA and rjN final state interaction. 
Here A denotes the 'jN—rjN transition operator. 



FIG. 5. The total cross section for inclusive photoproduction of ry-mesons off deuterium as func- 
tion of the photon energy (lower axis) and the excess energy e (upper axis). The experimental 
data are taken from Ref. |2^. The dotted line shows our lA calculation |^0|, while the dashed line 
is the result with np final state interaction. The solid line shows the full result, including the rjN 
final state interaction from the Jiilich meson-baryon model. 



FIG. 6. The cross section rations for inclusive photon production of 77-mesons off the deuteron 
as a function of the excess energy e. Shown are our calculations including the indicated final state 
interactions divided by our calculation based on the impulse approximation (dotted line in 
Fig. 6). The solid line indicates the full calculation containing np and rjN FSI. The dashed line 
stands for a calculation including only the np FSI, whereas the calculation for the dotted line 
includes only the r]N FSI. 



FIG. 7. The cross section rations for inclusive photon production of r;- mesons off the deuteron 
as a function of the excess energy e. Shown is the experimental cross section divided by our 
calculation |3C| containing lA and np FSI (dashed line of Fig. 6). The solid line indicates the 
full calculations containing the rjN FSI divided by the calculation containing lA and np FSI. The 
dash-dotted and dashed lines show the calculations with rjN scattering lengths o^Ar=0.74-|-i0.27 fm 
and a^7v=0.25-|-i0.16 fm, respectively. The hatched area indicate the uncertainty of the calculations 
with the r]N FSI taken from the Jiilich meson-baryon model, as discussed in the text. 
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